Introduction
One rising star in flexible electronics, analog high-frequency (HF) electronics, and digital electronics is the single-walled carbon nanotube field-effect transistor (CNTFET). Very recently, a breakthrough in analog HF FETs was made when a transit frequency as well as a maximum oscillation frequency of 70 GHz [1] was demonstrated. The major advantages of CNTFETs are their high current density and high intrinsic mobility [2] while having a very thin channel thickness. They have the potential to be utilized in highly linear HF devices due to the one-dimensional nature of the single-walled carbon nanotubes (CNTs) [3] [4] [5] . This may enable a new class of highly energy-efficient analog HF devices and circuits that can outperform CMOS-based devices and circuits [6, 7] . Nevertheless, many challenges remain on the way towards industrial scalable, cost-efficient and reliable processes. In the scientific community, various integration techniques have been suggested. Among the suggested techniques, dispersion-based approaches such as spray coating [8] , spin-on deposition [9] , printing techniques [10] , Langmuir-Blodgett methods [1] , and dielectrophoresis (DEP) [11] [12] [13] [14] appear very promising, since CNT material with a purity higher than 99% is now easily available due to breakthroughs in polymer-based sorting techniques [14] [15] [16] [17] [18] [19] . However, in the previously suggested integration techniques, special attention needs to be paid to the morphology of the transistor channel, since CNTs agglomerate bundle due to van der Waals interaction. This occurs either in the dispersion, during the rinsing, or the liquid/dry phase transition. The resulting CNT bundles negatively affect the final FET performance, resulting in low on-off current ratios [20, 21] . For analog HF applications, the situation becomes even more critical, since the mandatory high drive currents can only be obtained by dense CNT assemblies [1, 22, 23] , which inevitably increases the risk of CNT agglomeration. In those cases, high density is accompanied by low on-off ratios due to metallic CNTs and CNT bundles. This issue becomes apparent in the work of Cao et al [1] , who reported 70 GHz transistors but only on-off ratios up to 2000. Furthermore, the direct environment of the CNTs has a strong impact on their electrical properties [24] . Charges and charge traps in close proximity to the tubes can tremendously perturb the ideal device performance. Such charges and charge traps can occur, among other places, at the interface between the tubes and the oxide substrate, inside the oxide, or in adjacent residual particles [25, 26] . As a result, hysteresis can be observed in the FET transfer characteristics measured during a forward sweep and subsequent backward sweep of the gate voltage and in a drifting bias point over time. In addition, the AC performance is deteriorated due to the inertia of the capacitive-coupled charges/traps and the additional power needed to charge/ discharge them [27] . Since CNTs are sensitive to different molecules in the gas or vapor phase, the presence of oxygen in particular significantly affects CNTFETs operating at ambient conditions [24] . Collins et al and other groups [28] [29] [30] reported that an oxygen environment leads to a change in the electrical resistance, the local density of states, and to a p-type doping. In the literature, doping is usually mentioned as being extrinsically introduced to achieve unipolar n-type devices with increased on currents, for example, doping with alkali metals [31] or amine-rich polymers [32] . To achieve device performances that are insensitive to changes in the local environment and to exploit the intrinsic CNT properties without ambient influences, the CNTs must be passivated with an adequate capping layer. Different materials have been deployed as passivation, like silicon oxide [33, 34] , hydrogen silsesquioxane [35] , silicon nitride [36, 37] , and polymers like polymethylmethacrylate (PMMA) [38] [39] [40] , poly (sodium 4-styrenesulfonate) [21, 41] , polymerized fluorocarbons [42, 43] , and poly(vinylphenol)/poly (methyl silsesquioxane) blends [43] .
In the present study, we investigated an alternative, performance enhancing method of passivating CNTFET devices on the basis of Poly(4-vinylpyridine) (PVP), which is a neutral polymer known for debundling CNTs in aqueous solution via photografting [44] . Within the scope of a scalable technological process flow, we employed two different approaches to integrate a PVP passivation layer and studied its influence on the electrical properties of dispersion-based short-channel CNTFET arrays. Furthermore, we present a strategy to overcome the negative impact of doping in combination with bundled CNTs on the FET performance.
Experimental section

Sample preparation
CNTFETs were fabricated on 150 mm diameter silicon wafers covered with 2 μm thick thermally grown SiO 2 . A single damascene process was used to form planar gate electrodes. On top of the 200 nm thick AlSiTi gate metallization, a 50 nm thick SiO 2 gate dielectric layer was deposited via chemical vapor deposition. The source and drain electrodes were formed by a conventional lift-off procedure using a thin aluminum adhesion layer and 20 nm thick palladium layer. Palladium was chosen due to its good wetting behavior on the CNTs [45, 46] as well as its work function [45, 47] . The devices for the PVP spin-on and the polymerization experiments were fabricated with a channel length of (700±80) nm and (760±40) nm, respectively. The CNTs were integrated via DEP, followed by a water-rinsing step. For the DEP, an AC signal with a frequency of 10 MHz and a peak-to-peak amplitude of 1 V was applied for 20 s. A commercially available single-walled CNT dispersion from NanoIntegris (IsoNanotubes-S [48] ) with a purity of 99.9% semiconducting nanotubes was used. The dispersion was further diluted with a sodium dodecyl sulfate (SDS)/DI-water mixture (1 wt% SDS in DI-water) with a ratio of 1:9. To remove the remaining surfactant molecules as well as to strengthen the contacts between the CNTs and the metal electrodes, the FETs were annealed in vacuum at 558 K for 45 min As the final step, a 10 nm thick palladium top contact was formed on the source and drain electrodes via e-beam lithography patterned PMMA resist, and an additional lift-off process defined the final channel length. Two different passivation methods were investigated and thus two sample batches were fabricated. The channel lengths of the FETs were (390±35) nm for the spin-on passivation experiments and (650±20) nm for the in situ polymerization experiments. To passivate the CNTFETs via a spin-on process with PVP, the polymer was solved in isopropanol and spin-coated onto the devices for 10 s at 1000 rpm. The CNTFETs were characterized electrically as well as by atomic force microscopy (AFM) and Raman spectroscopy prior to and after the spin-on process.
The passivation of the CNTFETs via in situ polymerization of vinylpyridine was performed stepwise to trace the polymerization process and its effect on the CNTFETs. The monomer solution of vinylpyridine was degassed by nitrogen for at least 15 min. Afterwards, the CNTFET sample was placed in the monomer solution and a selfinitiated photografting and photopolymerization process was initiated via a UV lamp [49] . In total, the samples were polymerized for 120 min to 150 min, leading to a polymer thickness of (10±2) nm (for more information on the polymer layer morphology, see figure S3 is available online at stacks.iop.org/NANO/29/035203/mmedia of the supplementary information).
Characterization
Selected CNTFETs were characterized by an Agilent 5600LS atomic force microscope in intermittent contact mode before the passivation to analyze the structure of the device and the amount of the incorporated CNTs as well as their alignment. An example CNTFET before polymerization is shown in figure 1 (a). The electrical characteristics were measured using a dual-channel Keithley 2636B source meter combined with a probe station from SUSS MicroTec GmbH. All electrical measurements were done at ambient conditions. The transfer characteristics were measured by a successive forward and backward staircase voltage sweep and by an pulsed voltage sweep [27, 50] . The later can be used under certain conditions to measure trap-unaffected figures of merit (FOMs), while a staircase voltage sweep leads to trap-affected transistor characteristics. From such transfer characteristics measured by the pulsed method, several FOMs were extracted. The off currents were extracted from pulsed measurements by finding the smallest value of the current. In order to get threshold voltages independent of the on currents, a proper gate overdrive voltage was used to extract the I on . The threshold voltages were extracted by fitting a linear function around the point of maximal slope (absolute value) of the transfer characteristics. To quantify the impact of the charge traps, the width of the hysteresis of a successively forward and backward staircase voltage sweep was extracted in the middle of the maximal current difference between the forward and the backward sweep.
Simulations
The multiscale simulation framework described by Claus et al [4, 51] was employed to study the impact of CNT proximity and water-induced doping in CNT bundles. The carrier transport along a single CNT in a bundle is described by an augmented drift-diffusion model which captures tunneling effects at the metal-CNT junctions by means of the WentzelKramers-Brillouin approximation. The electrostatic interaction between closely packed CNTs is considered via symmetry lines to the left and to the right of the simulated CNT, where the distance between the symmetry lines is identical to the assumed distance between the centers of neighboring tubes. Water-induced doping is assumed in all simulations. Depending on the degree of polymerization and thus on the degree of water displacement, different doping concentrations are considered, ranging from 0 up to 5×10 5 cm −1 for a CNT which is significantly affected by water. The trap-like character of water-induced doping is not considered in the simulations since the simulations are compared to trap unaffected electrical measurements. Details of the simulated device architecture do not change the qualitative impact of the proximity effect due to the doping studied in this article. Consequently, for simplicity, the device architecture has been set to a global back gate with a channel length of 50 nm, an oxide thickness of 20 nm and a dielectric constant of 4. The Schottky barrier height was set to 0.1 eV. The mobility model was adjusted to fit BTE results [4] .
Results and discussion
Before the passivation and polymerization experiments, the CNTFET channel morphology was investigated via AFM measurements after dielectrophoretic CNT integration. Figure 1(a) shows an example of filigree CNTs and CNT bundles bridging the gap between the sources and drain metal electrodes. As an indication of bundle formation, the thickness distribution of individual CNTs or CNT bundles was analyzed from 10 devices by evaluating their height.The two device batches used in this study for the spin-on and the in situ polymerization passivation experiments showed very similar height distributions of (2.9±1.6) nm and (3.0±1.5) nm as visualized in figure 1(b) . Since individual CNTs have a diameter of 1.2-1.7 nm, we conclude that small bundles are present. Additionally, we analyzed the amount of CNTs or CNT bundles per FET. Our results indicate that around (16±10) CNTs or CNT bundles were integrated per device. Moreover, the topography analysis indicates that individual tubes or small bundles tend to aggregate in the FET's channel, forming Y-like CNT-bundle structures close to the metal electrodes. This indicates bundle formation during the deionized (DI) water rinsing at the end of the DEP process.
To investigate the impact of CNT bundles on the CNTFET properties, we measured the electrical characteristics before and after the spin-on PVP passivation of the devices. The initial electrical characterization confirms the presence of CNT bundles. This structural configuration deteriorates the electronic properties of the FET, mainly due to mutual screening [52] strongly reducing the coupling between the gate and the tubes within the bundle. Thus, the effective gate-induced electric field experienced by a CNT depends on the position of the tube in the bundle. Larger gate voltages are therefore required to switch all the individual tubes in the bundle. Consequently, CNTFETs with CNT bundles generally show smaller on/off-current (I on /I off ) ratios and increased subthreshold swings.
The first set of experiments investigated the impact of applying PVP coating via a simple spin-on process on the characteristics of the CNTFETs. A schematic illustration of a passivated and not passivated device can be seen in figures 2(a) and (b) shows the transfer characteristics of an example device before and after passivation. Before passivation, the transfer characteristics indicate a strong metallic-like behavior, since the device cannot be switched off. Upon spin-on passivation, the total drain current I D decreased by more than one order of magnitude, while the off current I off decreased by around six orders of magnitude. As a result, the total on-off current ratio (I on /I off ) increased significantly. Furthermore, figure 2(c) shows that the gate voltage at the minimum current value (MCV) as well as the threshold voltage both shift towards higher negative gate voltages. The ambipolarity of the devices also appears to be more pronounced. In order to confirm a statistical significance for this result, 26 devices were studied before and after spin-on passivation. The changes in I on /I off and I on are shown in figures 2(d) and (e), respectively. In general, 92% of all investigated FETs revealed an increase in I on /I off , and 70% of the FETs increased by even more than one order of magnitude. In 15% of the devices, the I on /I off increased considerably by more than three orders of magnitude. Thus, the metallic-like behavior of the CNTFETs could be converted to semiconductor-like behavior. However, there is a variation in the I on /I off over several orders of magnitude among the samples, which is mainly due to a variation in the bundle size and in the number of parasitic metallic tubes. The gate leakage currents did not change upon passivation and were around the detection limit of our source-measuring unit.
As described above, CNT bundles in an FET channel lead to adverse performance of the device due to the complex influences on all CNTs. The improvements in the FET characteristics upon spin-coating with PVP can partly be explained by better gate coupling due to a higher permittivity of the dielectric environment around the CNTs and the CNT bundles. Through CV measurements, the permittivity of PVP was determined to be e r PVP =(2.9±0.6), which is three times higher than air (see supplementary information figure  S2 ). This leads to more efficient coupling of the electric gate field to the ensemble of CNTs in the bundles, a reduced subthreshold swing, and consequently, a narrower gate range for switching the FETs. Figure 2(b) indicates that after passivation, the subthreshold swing is reduced more than an order of magnitude, giving a value of up to 950 mV/decade, which can be expected for multitube devices with a 50 nm thick SiO 2 gate oxide [53] . Hence the gate efficiency para-
1 [54, 55] , defined as the deviation of the actual subthreshold swing S from the ideal one at room temperature, increased by a factor of 18. This demonstrates that the gate efficiency of the CNTFETs can be strongly increased via PVP spin-on passivation.
Before and after passivation, the devices retained ambipolar FET characteristics, with a dominating p-type branch due to palladium contacts. Upon passivation, the current in the hole injection region decreased, while the electron injection current increased relative to the hole current. Additionally, the threshold voltage shifted towards negative gate voltages, and the gate voltage at the MCV decreased to an absolute value of almost zero V GS . Hence the spin-on passivation reduced the p-type doping of the CNTFET channel region. The typical p-type doping of the CNTFETs is already known, as our transistors are stored under ambient conditions and oxygen is known to act as a p-type dopant for CNTs [24] . Thus, the PVP spin-on passivation successfully reduces the impact of oxygen-induced doping on the devices.
The reduction of the p-type doping also effects I off . Due to the oxygen-induced doping, the CNTs in the channel are already conductive at zero V GS . To switch off the transistors, 5 V is applied at the gate to counterbalance the oxygeninduced doping. While this voltage is sufficiently large enough to switch off CNTs with a good gate coupling, CNTs in tube bundles, which are affected by intertube screening, are less affected by the gate-voltage-induced electric field and are still conductive, leading to a relatively high I off . In the case of passivated CNTs, the oxygen-induced doping is reduced significantly, and even the tubes with worse gate control are switched off at 5 V GS , leading to a very low I off . Therefore, the I on /I off ratio of the passivated CNTFETs significantly increases, even though the reduction in oxygen-induced doping slightly lowers I on as well. In this way, the CNTFETs were converted to enhancement mode devices. This effect is more pronounced for devices without metallic tubes and with small bundle diameters. Due to an inhomogeneity in the CNT assembly, the devices show a distribution of FET properties leading to differing values for the change in I on /I off ( figure 2(d) ). The few FETs which showed almost no change in I on /I off are perturbed by metallic tubes dominating the device performance. However, in general, reduced p-type doping results in increased I on /I off due to the conversion of the FETs to enhancement mode devices. Consequently, this study suggests that the I off in wet-processed CNTFETs is not only due to metallic impurities. Although it has been reported in literature that certain FOM like hysteresis width and the subthreshold swing are improving upon annealing similar to our results [40, 42] , an increase over several orders of magnitude of the I on /I off of short channel multitube CNTFETs has not been shown yet.
The analysis of the off current before and after passivation for the different devices allows the contributions from doping and metallic CNTs to be differentiated. Figure 3 shows that the I off after passivation is independent of the I off before passivation. Therefore, before spin-on passivation, no conclusions can be made based on the I off alone as to whether the I off contribution comes from metallic CNTs or doped CNT bundles. Since the passivation minimizes the effect of CNT bundles, the I off after passivation will be dominated by metallic tubes. As seen in figure 3 , our results indicate that a high off current in wet processed, multi-tube short channel CNTFETs is due to both bundled CNTs and metallic tubes in the FET channel. The contribution of the CNT bundles to the whole off current can be strongly reduced via PVP spin-on passivation.
To adjust FET properties such as the threshold voltage in a controlled manner, we followed a different integration procedure for PVP. Through a photografting process, CNTFETs were pol-ymerized stepwise in situ with 4-vinylpyridine while the structural (with Raman spectroscopy) and electrical properties of CNTFETs were monitored. Figure 4(a) shows the transfer chara-cteristics of an individual CNTFET during an in situ polymerization process. As can be seen, I on /I off increases significantly by almost four orders of magnitude ( figure 4(b) ). Moreover, a decreasing subthreshold swing and threshold voltage can be directly observed for the different polymerization times. Hence the same qualitative result was observed for spin-on passivation as well as passivation via in situ polymerization. Contact artifacts, like additional resistance at the CNT-metal interface due to the in situ polymerization, can be excluded, since the ends of the CNTs are fully embedded in palladium. However, in contrast to the spin-on passivation, defects are induced into the CNTs. Raman spectroscopy revealed that CNT polymerization strongly impacts the quality of the CNTs. The D/G + ratio, which gives a qualitative measure of the CNTs quality [56] , increases by a factor of (4.8±1.7), implying a pronounced introduction of defects in the CNTs due to the covalent functionalization process. This implies that the CNTFETs' drain current decreases. Furthermore, up to a polymerization time of 30 min, no significant change in the I off could be observed. This implies that this time is needed to establish a critical PVP density efficient enough to work as a passivation layer. In total, eight CNTFETs were analyzed. They all exhibit qualitatively the same trend. At a certain polymerization time, the I on /I off starts to increase. A comparison of the I on /I off for different devices can be found in the supplementary information. To confirm the correlation between a reduction in the doping concentration of CNTFETs with bundled CNTs and an increasing I on / I off ratio, we performed electrical transport simulations. The experimental data can be described by a superposition of the current-voltage characteristics of single CNTs and bundled CNTs. Single CNTs have a threshold voltage well below the maximum applied gate voltage and hence can be switched off within the possible bias region. In contrast, bundled CNTs have a much higher threshold voltage, even for the same water-induced doping concentration. Thus, the total current of the multi-tube channel has a much lower I on /I off ratio for the untreated channel, as shown in figure 4 (c). For these simulations, we have assumed that 1 out of 6 tubes is part of a CNT bundle. Therefore, even a relatively low number of CNT bundles can already significantly affect the transistor behavior under ambient conditions. As the duration of the polymerization increases, the effective doping concentration decreases, which lowers the threshold voltage significantly, especially for the bundled CNTs, thus increasing the I on /I off ratio accordingly, as shown in figure 4(d) . However, I on decreases as well, since the potential barriers at the contacts become more effective for lower doping concentrations, thereby reducing the current in the on-state. The effectiveness of the in situ polymerization can be monitored as a change in the subthreshold swing or gate efficiency parameter over the polymerization time ( figure 5(a) ). Similar to the I on /I off behavior, the gate efficiency increases strongly after 45 min of polymerization up to a factor of 24 compared to the original state. The final subthreshold swing was drastically reduced to 4% of the state before in situ passivation. These improvements are due to the higher permittivity of PVP compared to air, leading to increased gate efficiency. The coverage of the CNTs with PVP increases continuously, thereby increasing the effective passivation, which leads to a continual increase in gate efficiency until full CNT coverage is reached. Not only the I on /I off and subthreshold swing but also other FOMs, like the hysteresis width and the threshold voltage, changed with increasing polymerization time, due to the continuously increasing effectiveness of the passivation layer. As can be seen figure 5(b) , the desired threshold voltage for CNTFETbased circuits can properly be adjusted in a range between 9 and 3 V for this individual device. Additionally, the hysteresis width changes upon in situ passivation ( figure 5(c) ), due to the diminished influence of the ambient (i.e., water or oxygen molecules). The hysteresis width strongly changes its magnitude and direction.
Since the direction or sign of the hysteresis changes upon in situ polymerization, a different process or charge trap type becomes more dominant, like mobile ions in the oxide or interface states. Before the in situ polymerization process, the typical counterclockwise hysteresis was observed as is usually found for such device configurations [57] . Afterwards, the hysteresis was clockwise. The very origin of this phenomenon is currently discussed in the literature [25, 58] . However, by properly adjusting the polymerization time, the overall hysteresis can be minimized. Transfer characteristic loops measured at certain polymerization times can be found in the supplementary information figure S8 . In contrast to the spin-on passivation approach, the passivation approach via in situ polymerization facilitates adjusting CNTFET properties in a very controllable manner. The I on /I off and threshold voltage can be tuned in a broad range, and the hysteresis width can be minimized. Furthermore, this passivation approach allows the dynamics of the polymerization process to be studied and gives insights into charge traps relevant for CNTFETs.
Conclusions
In summary, we passivated CNTFETs with PVP via a spin-on polymerization approach and an in situ polymerization approach. Our results show that the high off currents of wetprocessed short channel CNTFETs are not only due to parasitic metallic CNTs but also due to CNT bundles. This was confirmed by electrical transport simulations. A proper device passivation reduces the impact of CNT bundles on the electrical properties, since the gate coupling to the CNT ensemble is increased and the influence of oxygen-induced p-type doping is lowered. Thus, in our study, the on-off current ratio increased by up to five orders of magnitude and the subthreshold swing decreased by one order of magnitude. This tremendous increase is beneficial, for example, for the HF performance of CNTFETs for digital and analog [59] applications. The in situ polymerization approach also enables the threshold voltage and the hysteresis width of the devices to be tuned. Hysteresis can even be reduced until it almost vanishes. This passivation approach allows devices based on wetprocessed CNTs with improved performance to be fabricated using scalable technologies.
